Poor inhibitory control and sensitivity to drug reward are two significant risk factors for drug abuse. Although the two have been largely viewed as separate and independent risk factors, there is new evidence to suggest that they may be related at both the behavioral and neural level. This study examined associations between behavioral and neural correlates of inhibitory control and sensitivity to the subjective rewarding effects of amphetamine in humans. Healthy volunteers (n = 63) first completed the stop signal task, a behavioral measure of inhibitory control. Then they participated in four sessions in which they received amphetamine (20 mg) and placebo in alternating order, providing self-report measures of euphoria and arousal at regular intervals. Finally, a subset of participants (n = 38) underwent an fMRI scan to assess neural correlates of inhibitory control. In the first phase of the study, participants with longer stop signal reaction time (SSRT) reported greater amphetamine-induced euphoria and stimulation than those with shorter SSRT. In the second phase, fMRI of response inhibition showed the expected activation in right prefrontal regions. Further, individuals who exhibited less activation in the right middle frontal gyrus during the inhibition task reported more euphoria during the amphetamine sessions. This study is the first to show associations between poor inhibitory control and amphetamine reward sensitivity at both behavioral and neural levels in humans. These findings extend our understanding of risk for drug abuse in individuals with poor inhibitory control and suggest novel targets for prevention efforts.
INTRODUCTION
Poor inhibitory control and sensitivity to drug reward are two significant risk factors for drug abuse. Poor inhibition is a predictor of rapid acquisition, escalation, and dysregulation of drug self-administration in animals (Dalley et al, 2007; Belin et al, 2008; Beckwith and Czachowski, 2016) , and in humans, prospective studies show that disinhibition predicts the development and escalation of substance abuse later in life (Nigg et al, 2006; Rubio et al, 2008; Fernie et al, 2013) . Similarly, greater sensitivity to drug-induced euphoria and stimulation promotes continued use and predicts future development of substance use disorders (Quinn and Fromme, 2011; de Wit and Phillips, 2012; King et al, 2014) . Although these have been viewed as separate and independent risk factors, there is new evidence to suggest that they may be related at both the behavioral and neural level. Identifying the common mechanisms underlying inhibition and drug reward sensitivity could have important implications regarding the mechanisms underlying risk for drug abuse in individuals with poor control.
Behaviorally, poor inhibitory control is related to greater sensitivity to the rewarding effects of drugs. In preclinical models, in which drug reward sensitivity is often inferred by amount of drug consumption (Stephens et al, 2010) , animals with poorer inhibitory control self-administer greater amounts of cocaine, nicotine, and alcohol (Dalley et al, 2007; Belin et al, 2008; Beckwith and Czachowski, 2016) . In humans, healthy volunteers with poor inhibitory control self-report greater euphoria and drug liking after amphetamine compared to placebo (Weafer and de Wit, 2013) , and similar relations have also been reported with alcohol (Leeman et al, 2014; Hendershot et al, 2015) . These findings provide compelling evidence that individuals with poor inhibitory control are more sensitive to drug reward.
The behavioral links between inhibition and reward are supported by evidence that the two are related at a neurobiological level . For example, rats with fewer dopamine D2 receptors and less electrically evoked striatal dopamine release exhibit both inhibitory deficits and greater self-administration of cocaine and nicotine (Dalley et al, 2007; Diergaarde et al, 2008) . In humans, individuals with fewer striatal D2 receptors report greater positive subjective response to stimulant drugs (Volkow et al, 1999; Volkow et al, 2002) and also exhibit poorer inhibitory control and less brain activation during response inhibition Robertson et al, 2015) . Despite these promising findings, it is not known whether the neural correlates of inhibitory control are related to subjective drug reward in humans.
The present study examined the association between inhibitory control and sensitivity to amphetamine reward in healthy volunteers. Our first aim was to replicate our previous finding of an association between behavioral correlates of inhibitory control and amphetamine reward. To measure inhibitory control, participants performed the stop signal task (Logan et al, 1997) , a behavioral measure of the time required to inhibit a response (stop signal reaction time; SSRT). To measure amphetamine reward, they completed a drug challenge to assess the euphorigenic effects of amphetamine (vs placebo). We hypothesized that individuals with poorer inhibitory control (longer SSRT) would report greater subjective response to amphetamine. Our second aim was to test the novel association between amphetamine reward and neural correlates of inhibitory control. Neural responses during inhibition were assessed using fMRI while subjects performed the stop signal task. We examined brain activation during inhibition in relation to amphetamine reward. The stop signal task activates rightlateralized frontal brain regions known to be involved in inhibitory control, and less right frontal activation is associated with poorer inhibition (Aron and Poldrack, 2006; Congdon et al, 2010; Kareken et al, 2013) . We hypothesized that poor inhibitory control, as evidenced by less brain activation during inhibition, would be associated with greater subjective response to amphetamine.
MATERIALS AND METHODS

Design
This study assessed associations between behavioral (Aim 1) and neural (Aim 2) correlates of inhibitory control and subjective response to amphetamine (see Supplementary Figure S1 for study timeline). For the first aim, healthy volunteers completed a behavioral measure of inhibitory control (SSRT) in a drug-free state, followed by a foursession drug challenge to assess their subjective responses to amphetamine (20 mg) or placebo. Participants received both amphetamine and placebo twice, in alternating order, with drug administered first (amphetamine or placebo) randomly assigned. For this aim, we tested associations between SSRT and ratings of euphoria and stimulation after amphetamine. For the second aim, a subset of participants who completed the first portion of the study were imaged in a drug-free state while performing the stop signal task in the scanner. This session provided a measure of brain activation during response inhibition. Most of the participants completed the imaging session 1-3 weeks after the first phase of the study. For the second aim, we examined brain activation during response inhibition in relation to subjective euphoria and stimulation following amphetamine. All behavioral and drug-challenge sessions were conducted at the University of Chicago. The imaging session took place at the University of Illinois at Chicago.
The Institutional Review Boards of both universities approved the study, and it was carried out in accordance with the Declaration of Helsinki. All participants provided written informed consent for participation.
Aim 1: Behavioral Correlates of Inhibitory Control and Amphetamine Reward
Participants. Volunteers (n = 86) were recruited through online and printed advertisements. Inclusion criteria were: age 21-35, BMI 19-26, at least a high school education, and English fluency. Exclusion criteria were: past year DSM-IV diagnosis, lifetime history of substance dependence, or ADHD, serious medical conditions, night shift work, smoking 45 cigarettes/day, use of medications other than birth control, or pregnancy, lactation, or plans to become pregnant in the next 3 months. Females not on hormonal contraception completed drug administration sessions in the follicular phase of their menstrual cycle (White et al, 2002) . (Logan et al, 1997) . This task provided a behavioral measure of inhibitory control. Participants were instructed to respond as quickly as possible to go signals, and to inhibit responses on trials in which a stop signal (auditory tone) occurred. The duration of the stop signal delay was adjusted to target a 50% successful inhibition rate. The task consisted of 144 go and 48 stop trials. Task data were considered valid if the following criteria were met: inhibition rate between 40-60%, go accuracy 480%, and mean go RTo800 ms.
Measures. Stop signal task
Addiction Research Center Inventory (ARCI; Martin et al, 1971) . Participants completed the ARCI to assess subjective response to amphetamine. We analyzed the MorphineBenzedrine Group (MBG, euphoric effects) and A (amphetamine-like, stimulant effects) scales, as these represent the positive, rewarding effects of amphetamine (eg, Fischman and Foltin, 1991; de Wit and Phillips, 2012) .
Procedure. Participants abstained from drugs, including alcohol, for 24 h prior to each session, as verified by selfreport, breath alcohol, and urine screens. Participants first attended an orientation session in which they provided informed consent and were familiarized with laboratory procedures and study protocol. They then completed the stop signal task to assess drug-free levels of inhibitory control.
Supplementary Figure S1 illustrates the time line of the four drug administration sessions, in which participants received amphetamine and placebo in alternating order. Amphetamine and placebo were administered twice each to minimize the influence of day-to-day variability (Rhodes and Hawk, 2016) . The drug administration sessions took place from 09:00 to 13:00 hours, and were separated by at least 48 h. Participants were tested individually. Participants were instructed not to eat after midnight before each session and were given a light snack. To minimize drug expectancies they were told they could receive one of the following: stimulant, sedative, or placebo. They first completed a baseline (pre-drug) ARCI measure, and had blood pressure and heart rate measured. At 09:20 hours, amphetamine (20 mg) or placebo was administered under double blind conditions. Participants completed the ARCI every 30 min following capsule administration. Sessions ended at 13:00 hours, after confirmation that blood pressure and heart rate had returned to baseline. Upon completion of all sessions, participants were debriefed and compensated for their time.
Data analyses. SSRT from the out-of-scanner stop signal task (calculated by subtracting the final mean stop signal delay from the mean go RT) provided the behavioral measure of inhibitory control.
Associations between SSRT and subjective response to amphetamine. Two linear mixed effects models for repeated measures (Hedeker and Gibbons, 2006) were conducted in SPSS22 to examine the degree to which out-of-scanner SSRT interacted with drug and time to predict measures of subjective response: ARCI MBG (euphoria) and ARCI A (stimulation). The models included random intercept, drug, and time effects to allow for individual differences in drug response and time trends, and to account for the correlation between repeated measurements. Drug order (amphetamine or placebo administered first), age, and sex were included as model covariates. The effects of interest were the two-and three-way interactions among SSRT, drug (amphetamine vs placebo), and time (linear and quadratic trends).
Aim 2: Neural Correlates of Inhibitory Control and Amphetamine Reward
Participants. A subset of subjects (n = 41) took part in the fMRI portion of the study. Additional exclusion criteria were contraindications for fMRI and self-reported left-handedness.
Measures. Participants performed an adapted version of the stop signal task (Kareken et al, 2013) during BOLD fMRI to assess brain activation during response inhibition. Go signals were left-or right-pointing arrows, and the stop signal was an up-pointing arrow. Participants completed three task runs (80 go and 40 stop trials each).
Procedure. The fMRI session followed completion of the drug administration sessions. Participants were tested for recent drug use and performed a practice block of the stop signal task outside the scanner.
Imaging acquisition and processing. Participants were imaged using a 3T GE scanner with an 8-channel head coil array. T 1 -weighted high-resolution anatomical images were acquired for co-registration and normalization to the MNI coordinate system. Whole-brain functional imaging was performed with a standard T2*-sensitive echo planar imaging sequence (gradient-echo; repetition time, 2000 ms; echo time, 22.2 ms; 64 × 64 matrix; 220 × 220 mm field of view; flip angle, 90°; 3 mm slice thickness with no gap, 44 axial slices).
Images were processed using SPM12 (Wellcome Trust Centre for Neuroimaging). Standard preprocessing of functional images included slice-time correction, spatial realignment to correct for head motion, coregistration to the participant's T 1 image and warping to MNI space, resampling to 2 mm/side voxels and smoothing with an 8 mm FWHM isotropic Gaussian kernel. The general linear model was applied to the time series, convolved with the canonical hemodynamic response function and included a 128 s high-pass filter. Condition effects were modeled with event-related regressors: correct go (Go) and stop (StopInh) trials, and incorrect go and stop (StopFail) trials. Effects were estimated at each voxel and for each subject, and individual participant contrast maps for StopInh4Go were created (Kareken et al, 2013) . Volumes were identified as motion outliers based on image intensity difference (dvars) or framewise displacement (fd; 40.5 mm) using FSL's motion outlier tool (Power et al, 2012) . Six head motion parameters from the SPM realignment and FSL-tagged motion outlier files were included as regressors.
fMRI analyses. Brain activation during response inhibition. We conducted a second-level, random effects onesample t-test for StopInh4Go. As our hypotheses were specific to frontal regions, statistical inferences were made based on peak voxel significance corrected for family-wise error (p FWE o0.05) within a frontal-insular-subcortical (FIS) mask previously used for analyses with this task (Weafer et al, 2015) . This 382 584 mm 3 (47 823 voxels) mask included the following structural regions from AAL library (TzourioMazoyer et al, 2002 ) available in MarsBar: medial and lateral frontal and orbital regions, bilateral precentral gyri, anterior, and middle cingulate cortex, anterior insula, and subcortical motor regions consisting of bilateral putamen, pallidum, and caudate. Analyses were restricted to this mask because it encompasses brain regions that have been previously implicated in drug reward and/or stop signal task performance (eg, Oswald et al, 2005; Courtney et al, 2012; Ghahremani et al, 2012) .
Associations between brain activation during response inhibition and subjective response to amphetamine. We re-ran the second-level, random effects model with ARCI MBG and ARCI A peak change difference scores (average amphetamine peak change score minus average placebo peak change score; Mayo and de Wit, 2015) entered as covariates. Peak voxel activation (p FWE o0.05) within the FIS mask was used as the statistical threshold.
To determine if activation within regions identified above was related not only to mean peak change difference scores but also subjective effects across time, we extracted parameter estimates/ß weights representing BOLD response activation in arbitrary units averaged across all voxels within a 10 mm-radius sphere surrounding the peak activation. These parameter estimates were entered as fixed effects in place of SSRT in the same linear mixed effects models described above to examine the degree to which brain activation during response inhibition interacted with drug and time trends to predict amphetamine response.
RESULTS
Aim 1: Behavioral Correlates of Inhibitory Control and Amphetamine Reward
Sample characteristics. A total of 86 participants completed the drug administration protocol. Of these, 63 had valid behavioral (out-of-scanner) stop signal data based on the criteria described above. Table 1 presents demographic and substance use data.
SSRT. Mean SSRT during stop signal task performance was 251.4 ms (SD = 24.8; range = 197.6-308.3). Other summary statistics were as follows: mean inhibition rate = 49.9%, mean go accuracy = 98.6%, and mean go RT = 470.04 ms (SD = 97.3).
Associations between SSRT and subjective response to amphetamine. Table 2 presents results from the linear mixed effects models testing the degree to which SSRT interacted with drug and time to predict responses on ARCI MBG (euphoria) and ARCI A (stimulation). As expected, amphetamine increased both MBG and A ratings relative to placebo (indicated by significant drug × time interactions). Moreover, the magnitude of the amphetamine effect differed according to individual differences in SSRT, as evidenced by the significant SSRT × drug × time interactions. To visualize the differences in drug effect according to SSRT, we plotted estimates of drug effects derived from the models at high and low levels of SSRT (1 SD above and below the mean) in Figure 1 . The figure shows greater magnitude of drug effects for both MBG and A at high SSRT (1 SD above the mean; indicative of poor inhibitory control) compared to low levels of SSRT (1 SD below the mean; indicative of good inhibitory control). Thus, as hypothesized, poor inhibitory control was associated with greater amphetamine-induced euphoria and stimulation.
Aim 2: Neural Correlates of Inhibitory Control and Amphetamine Reward
Sample characteristics. In total, 41 participants completed the stop signal task during fMRI. Of these, 38 had valid in-scanner task performance (Table 1) . Brain activation during response inhibition. Performance validity checks confirmed that participants followed task instructions for the adapted stop signal task (mean SSRT = 312.4 ms; mean inhibition rate = 53.6%; mean go accuracy = 96.0%; and mean go RT = 472.5 ms); SSRT obtained during fMRI was correlated with SSRT obtained during the laboratory test (r = 0.35; p = 0.035, one-tailed). fMRI analyses showed that the StopInh4Go contrast activated regions previously reported for the stop signal task, including inferior and middle frontal gyri, precentral gyrus, insula, cingulate gyrus, and supplementary motor area (Congdon et al, 2010; Kareken et al, 2013) (Figure 2a ; Supplementary Table S1 ).
Associations between brain activation during response inhibition and subjective response to amphetamine. StopInh4Go BOLD activation was negatively correlated with peak change difference score for ARCI MBG in the right middle frontal gyrus (Figure 2b) To further clarify the association between brain activation during response inhibition and ARCI MBG, we entered the extracted BOLD signal (ß weights, from a 10 mm-radius sphere surrounding the significant peak voxel) in place of SSRT in the same linear mixed effects model described above. We then plotted estimates of drug effects at high (1 SD above the mean) and low (1 SD below the mean) levels of activation (Figure 2c ; Table 3 ). Consistent with the negative correlation between right middle frontal activation and MBG scores shown in the SPM regression analysis, magnitude of drug effect was greater for lower levels of frontal activation during inhibition.
To further validate that brain activation in this region is related to successful response inhibition, we tested correlations between the extracted ß weights and SSRT obtained both during the laboratory task performance and inside the scanner. The behavioral measure of SSRT obtained during the laboratory session was significantly negatively correlated with the extracted BOLD signal (r = − 0.38, p = 0.049), confirming that less brain activation during response inhibition was associated with longer SSRT (indicative of poor inhibition). By contrast, the in-scanner measure of SSRT was not significantly correlated with BOLD signal (r = − 0.05, p = NS).
DISCUSSION
This study yielded two important findings. First, we replicated a previous finding that individuals with poor inhibitory control experienced greater euphoria and stimulation following amphetamine (Weafer and de Wit, 2013) . Second, we showed for the first time a novel association between brain activation during inhibition and amphetamine reward. Specifically, individuals with less activation in the right middle frontal gyrus during response inhibition reported greater amphetamine-induced euphoria. These findings are consistent with animal studies showing that poor inhibition predicts greater drug self-administration (Belin et al, 2008; Diergaarde et al, 2008) . Importantly, they are the first to show that poor inhibitory control is associated with greater amphetamine reward at both the behavioral and neural level in humans.
The negative association between right middle frontal gyrus activation during inhibition and subjective response to amphetamine suggests a novel neurobiological link between inhibitory control and amphetamine reward. The right middle frontal gyrus has long been implicated in inhibitory Figure 1 Estimates of drug effects on ARCI MBG (euphoria; a) and ARCI A (stimulation; b) derived from the linear mixed effects models testing associations between SSRT and subjective response to amphetamine (Aim 1). Solid circles represent estimates of drug effects at high levels of SSRT (1 SD above the mean) and open circles represent estimates of drug effects at low levels of SSRT (1 SD below the mean). The inverted U reflects the typical time course of drug response to amphetamine. That is, for both high and low levels of SSRT, magnitude of drug effect increased from baseline to 120 min after drug administration. Effects peaked for about 60 min, and then continued to decline over the session. As hypothesized, poor inhibitory control (high SSRT) was associated with greater magnitude of drug effect across time for both measures. Capped vertical lines represent SEM drug effect.
control (Mcnab et al, 2008; Zheng et al, 2008; Ghahremani et al, 2012; Kareken et al, 2013) , and is thought to influence inhibition by exerting 'top-down' executive control over lower level, sub-cortical regions, including the striatum (Bari and Robbins, 2013) . As amphetamine exerts its rewarding effects via dopamine release in the striatum (Volkow et al, 1999; Drevets et al, 2001; Leyton et al, 2002) , it is possible that right prefrontal regions may also exert 'top-down' control over amphetamine reward, via control of striatal dopamine. Thus, individuals with compromised prefrontal function may experience greater dopamine release, along with greater subjective reward, following amphetamine. In line with this, a recent study showed that cortical thickness in the right middle frontal gyrus was inversely related to amphetamine-induced striatal dopamine release in healthy young adults (Casey et al, 2013) . In addition, preclinical studies show that manipulation of the prefrontal cortex directly modulates striatal dopamine activity (Del Arco and Mora, 2009). Although speculative, these studies suggest that reduced right prefrontal integrity and function may increase sensitivity to amphetamine-induced reward, perhaps via compromised regulation of dopamine function.
This novel neural link between inhibitory control and drug reward sensitivity, combined with our current and previous reports of a behavioral link, provides new insight regarding the specific mechanisms underlying increased risk for drug abuse in individuals with poor inhibitory control. Recent prospective studies have shown that both behavioral and neural correlates of inhibitory control (and decreased functioning in the middle frontal gyrus in particular) predict the onset and severity of substance abuse (Rubio et al, 2008; Fernie et al, 2013; Heitzeg et al, 2015) . The current findings suggest that this increased risk is due in part to greater sensitivity to the positive, euphorigenic effects of drugs. That is, once individuals with poor inhibition begin to experiment with drugs, they may experience enhanced subjective reward, Table S1 ). (b) Negative relationship between brain activation during response inhibition (StopInh4Go)] and ARCI MBG peak change difference scores (Aim 2). The negative relationship suggests that less prefrontal activation during inhibition is associated with greater amphetamine-induced euphoria. Peak effect at the [32, 48, 26] MNI coordinate is significant after correcting for family wise error (p FWE o0.05) within a frontal-insular-subcortical (FIS) mask. (c) Estimates of drug effects on ARCI MBG (euphoria) derived from the linear mixed effects model testing associations between brain activation during response inhibition (ie, extracted BOLD signal from a 10 mm radius spherical region centered at the [32, 48, 26] peak in the middle frontal gyrus displayed in 2b) and subjective response to amphetamine (Aim 2). Solid circles represent estimates of drug effects at high levels of activation (1 SD above the mean) and open circles represent estimates of drug effects at low levels of activation (1 SD below the mean). As hypothesized, less frontal activation during response inhibition was associated with greater magnitude of drug effect on ratings of euphoria. Capped vertical lines represent SEM drug effect.
which in turn is likely to promote continued drug-taking. Although prospective studies are needed to test this surprising association, this information could help to understand why individuals with poor inhibition are at risk for drug abuse.
The common behavioral and neural mechanisms underlying inhibition and amphetamine reward identified here suggest potential targets for drug abuse prevention in high-risk individuals. That is, to the extent that poor inhibitory control and associated dampened right prefrontal functioning produce less 'top-down' control of amphetamine reward, then enhancing function in this region would be expected to have the opposite effect and decrease drug reward sensitivity. For instance, behavioral training can be used to increase both behavioral and neural correlates of inhibitory control (Berkman et al, 2014; Liu et al, 2015; Beauchamp et al, 2016) , and thus might also serve to decrease amphetamine reward sensitivity. Another means of targeting right prefrontal function is through non-invasive brain stimulation. Both transcranial magnetic stimulation and transcranial direct current stimulation over right prefrontal regions acutely modulate performance on inhibitory control tasks (Brevet-Aeby et al, 2016) , and it is possible that such modulation of right prefrontal functioning could also dampen subjective drug reward.
These findings raise additional questions regarding associations between inhibition and drug reward that are beyond the scope of this study. For instance, it will be important to assess the acute effects of amphetamine on behavioral and neural correlates of inhibitory control in relation to amphetamine reward. Amphetamine typically enhances performance on the stop signal task (Perry and Carroll, 2008) , and we previously showed that individuals who displayed greater increase in inhibitory control following amphetamine also reported greater subjective response to the drug (Weafer and de Wit, 2013) . However, to our knowledge, no studies to date have examined amphetamine effects on neural correlates of response inhibition, or how these effects relate to subjective response to the drug. Studies combining neuroimaging measures of amphetamine effects on both inhibitory control and reward, using fMRI and PET, will provide more direct information regarding neurobiological mechanisms that are shared by both inhibitory and reward processes.
There are some limitations of this study worth noting. First, in-scanner SSRT correlated only modestly with out-ofscanner SSRT. This was likely due to the use of a different version of the task in the scanner (ie, visual stop signals and slower presentation of go signals), as was necessary to maximize the efficiency of the event-related fMRI design. Second, in-scanner SSRT did not correlate with brain activation during inhibition. This is not surprising given that previous studies have failed to observe robust correlations between SSRT and brain activation, likely from the need for very large samples and sufficient power for voxelwise analyses (Congdon et al, 2010) . It is important to note, however, that brain activation was negatively correlated with out-of-scanner SSRT, suggesting that the behavioral and brain data are tapping similar constructs. Future studies would benefit from an additional task both in and out of the scanner that probes inhibitory control, and is also predictive of drug reward, thus increasing confidence in the reliability of the observed associations. Third, we did not counterbalance the fMRI and drug administration sessions for practical and cost considerations. Although it is unlikely that drug administration influenced the fMRI session acquired 1-3 weeks later, it will be important for future studies to counterbalance fMRI sessions if possible. Fourth, we used only one dose of amphetamine, and it is conceivable that different associations would be observed with varying doses.
In sum, this study reports novel inverse associations between behavioral and neural correlates of inhibitory control and sensitivity to amphetamine reward. These findings add important information to our understanding of risk for drug abuse in those with poor control, and suggest potential behavioral and biological targets for prevention efforts. It will be important for future studies to further probe the neurobiological mechanisms underlying poor inhibitory control and sensitivity to drug reward, including the role of the dopamine system, and D2 receptor function in particular . In addition, these relationships should be examined in current drug abusers, as both inhibitory control and reward networks are impaired in addiction (Spechler et al, 2016; Sutherland et al, 2012) . Finally, it is important to test whether these findings generalize to other drugs of abuse.
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